Abstract -Flooding due to ice jams in urban streams, resulting in damages to residential and commercial property, is a common problem in northern regions.
Introduction
Flooding due to ice jams in urban streams is a common winter phenomenon in northern regions (Beltaos 2013 ). Damages to residential and commercial property due to ice-related flooding can be significant. Spencer Creek is the major river within the Hamilton Conservation Area in In 2011, a study was completed to identify underlying causes of frazil ice generation in this area and recommend measures to prevent/mitigate the flooding due to frazil ice accumulation (Gholamreza-Kashi et al. 2011) . A cost-benefit analysis was completed for the mitigation alternatives, identifying upstream dam operations and mechanical ice removal as the most effective measures, both of which would require an advanced warning system (Exp Services Inc., 2013) . Following the recommendation of this study, a methodology for forecasting frazil ice D r a f t 4 flooding in the lower reach of Spencer Creek using historical temperature and discharge data is developed.
Background
Frazil ice is formed when water flow is supercooled by turbulence and exposure to cold air during very low temperatures, typically accompanied by high winds. High flow velocities increase the turbulence and the surface area, providing more opportunity for heat loss to the atmosphere (Ashton 1986 ).
An ice cover can reduce heat loss from the water to the atmosphere, thereby decreasing the rate of frazil ice generation ). Sui et al. (2002) investigated the conditions of ice cover formation and suggested a critical Froude number of 0.75, at which the cover can progress as a result of frazil ice juxtaposition at its upstream edge. In fast moving sections of a river, the hydrodynamic forces of high flow prevent the formation and development of ice cover. A review of previous studies on the relationship between ice jams and air temperature and/or discharge was undertaken. Zufelt and Bilello (1992) investigated the effects of freezing periods and discharge on formation of ice jams in Salmon River at Salmon, Idaho. The flooding on Salmon River resulted from ice jams due to freeze-up conditions, which led to reduction of the hydraulic capacity of the river channel. They concluded that the occurrence of ice jams was directly related to the duration and intensity of cold periods and the air temperatures before the cold periods.
This study identified a threshold condition, at which the probability of ice jams could be determined based on forecast temperatures. They did not find any relationship between the discharge and the occurrence of ice jams due to freeze-up.
A study of frazil ice flooding in the former town of Durham, Ontario, was conducted by Hatch Acres (2006) . This study proposed a method for determining the probability of flooding due to 
Data Collection
The air The climate normals for the City of Hamilton are summarized in Table 1 . Daily minima of -9.7
and -9.1 °C and number of days with minimum temperature below -10 °C of 14.5 and 12.5 for January and February respectively, indicate a potential for frazil ice generation in both of these months. Precipitation magnitudes for January and February are 65.8 mm and 55.3 mm respectively, of which more than half is snowfall. During these months, rainfall and above zero temperatures resulting in snowmelt runoff can increase the streamflow in Spencer Creek. In the second method, following the approach proposed by , two indices were defined: T min -minimum of the daily mean temperatures averaged over 5 consecutive days in January and February, and Q * -maximum daily mean discharge during the 15-day period prior to the occurrence of T min . T min times five produces the 5-day DDF.
The scatter plot of the joint occurrence of these indices for the months of January and February from 1969 to 2011 is presented in Figure 11 . The climate data from 1960 to 1968 had too many missing points; hence, this period was not included. A maximum frazil ice generation zone is identified, where the T min < -14 °C and Q * > 11 m 3 /s. The January 2005 and January 2009 flooding events fell within this zone.
Proposed Forecasting Methodology
Based on the results of the data analysis, the following methodology for forecasting frazil ice flooding in lower Spencer Creek was proposed. These steps are to be completed on a daily basis from beginning of January to end of February. b. and/or, the 5-day average of the forecast temperatures is smaller than -14 °C with a maximum daily flow rate greater than 11 m 3 /s within the past 15 days.
6-Update the previous DDF points with actual temperature data, on the following day.
After an occurrence of frazil ice flooding is observed, the thresholds for DDF, T min , and Q * should be modified based on the observed data.
Forecasting Application
The proposed methodology has been applied by Between February 10 and February 23, the forecasting model indicated 5-day DDF above 70 °C-days and T min smaller than -14 °C. However, no frazil ice development or related flooding was observed. It was expected that the thick river ice cover helped to limit frazil ice generation during this time.
Conclusions
A methodology for forecasting frazil ice flooding in the lower reach of Spencer Creek using temperature and flow data is developed. Literature review and data collection analysis was undertaken. As a result, a methodology was proposed for predicting high probabilities of occurrence of frazil ice flooding in lower Spencer Creek. This methodology may be modified by HCA as more data points become available in the future; therefore, the effects of the climate change will be included in this methodology. Although there currently are some limitations to the benefits of the frazil ice forecasting model due to river ice and associated flow index unreliability, the model provided useful monitoring benefits. HCA plans to continue using the 
